This paper takes the electric off-road vehicle with separated driven axles as the research object. To solve the longitudinal dynamics driving control problems, vehicle dynamics model, and control strategies were studied and the corresponding simulation was carried out. An 8-DOF vehicle dynamics model with separated driven axles was built. The driving control strategies on the typical roads were put forward. The recognition algorithm of the typical road surfaces based on the wheels' slip rates was proposed. And the two control systems were designed including the pedal opening degree adjustment control system based on PI algorithm and the interaxle torque distribution control system based on sliding mode control algorithm. The driving control flow of the proposed vehicle combining the pedal adjustment control system with the interaxle torque distribution control system was developed. And the driven control strategies for the typical roads were simulated. Simulation results show that the proposed drive control strategies can adapt to different typical road surfaces, limit the slip rates of the driving wheels within the stable zone, and ensure the vehicle driving safely and stably in accordance with the driver's intention.
Introduction
The deterioration problem of energy and environment makes the ecovehicles with motor driving develop rapidly. Several types of drive systems have been proposed for ecovehicles such as front-or rear-wheel-drive system with two in-wheel motors and four-wheel-drive system with independently driven front and rear motors or four in-wheel motors [1] , among which the system with independently driven front and rear motors has shown many advantages in the power matching, driving control, regenerative braking, and space layout. The front and rear motors act independently and the torque response is fast and accurate, which provides broad prospects for improvement of vehicle performance. And the method to control the vehicle performance through the driving force can enrich the current TCS and ESP function, which will improve the vehicle stability and safety.
Control strategy is the key of traction control [2] . Interaxle torque distribution strategy has important influence on vehicle performance, which has been studied by many researchers [3] [4] [5] [6] . Antislip control study of traditional vehicle has made great effect [7] [8] [9] [10] [11] . Mutoh et al. made a detailed analysis of the characteristics of electric vehicles with independently driven front and rear wheels [12] . Kang et al. designed a hierarchical control structure for the axle-separated-driven system, which effectively improved its maneuverability, lateral stability, and rollover prevention performance [13] . Zhao et al. studied antiskid driving control strategy for a four-wheel-drive hybrid car, which inhibited the instantaneous slip of driving wheel effectively [14] . However, the current control strategy for single road surface is incomplete and the antislip control for electric vehicles with axles separated driven system has some new characteristics.
Focusing on electric vehicles with independently driven front and rear wheels, taking an electric off-road vehicle as the research platform, combined with the antislip control for the four-wheel-drive vehicle, we studied the driving control strategies and algorithms for longitudinal dynamics to improve the dynamic performance and safety on different road surfaces. Based on the pedal adjustment control system and the interaxle torque distribution control system, the driving control flow, through which the driving control strategies can switch adaptively according to road surfaces, was proposed. And the driving control strategies for different road surfaces were verified through the simulation.
Vehicle Dynamics Modeling

Powertrain Structure and Basic Parameters.
The powertrain of an electric off-road vehicle with independently front and rear drive wheels is shown in Figure 1 , and the front drive axle and the rear drive axle are independent and symmetric. They have the same parameters in pursuit of mass production. The front and rear motors pass their power through the fixed ratio reducer, the main reducer, differential and the wheel reducer, and in turn to the front and rear wheels. The basic parameters of the vehicle are shown in Table 1 .
Vehicle Dynamics Model.
Using modular method, each part of the dynamic models of the vehicle is established as follows.
(1) Driver Model. The driver model imitates the driver's driving intention. It generates 5 signals as
where PS is the accelerator pedal signal, PS is the brake pedal signal, WA is the steering wheel angle, SH is the gear selection signal, and CL is the clutch pedal signal.
(2) Interaxle Torque Distribution Model. This model decides the electric opening degree of front and rear motors according to the outputs of the driver model and the driving control model, and the distribution relation is as follows:
where is the proportion between motor brake and mechanical brake, is the pedal adjustment coefficient, is the distribution coefficient of the shaft torque, max and max are the maximum torque at current speed of front and rear motor, respectively, and desire is the driver torque request taking account of the pedal adjustment coefficient.
(3) Driving Motor Model. The permanent magnet synchronous motor can usually be modeled by space vector control method [15, 16] . Here, the motor model generates driving/braking torque according to the inputs of the motor speed and motor desired torque percentage:
where is the motor desired torque percentage corresponding to pedal signals, is the motor speed, and are the time constant and damping ratio of the two-order vibration system, respectively.
Figure 2(a) shows the drive torque and regenerative torque characteristic curve of the motor. Take = 0.3 and = 0.2 s/rad according to engineering experiences. Figure 2(b) shows the torque step response under the condition of = 1 and = 5000 rpm, where the maximum overshoot is 37.23% and the response time of the error within ±5% is 0.2 s, which fits the experiment results well.
(4) Transmission Model. The front and rear motors deliver their power through the fixed ratio reducer, the main reducer, and the differential and the wheel reducer, and in turn to the front and rear wheels, assuming the torque distributes equally among left and right driving axle. The equation of the transmission system can be expressed as
where 0 , Wl , and Wr are the torques output of the main reducer and the left and right wheels, respectively,̇0,̇W l , anḋW r are the angular acceleration of the output of main reducer and the left and right wheels, respectively, 0 and are the equivalent moment of inertias of the main reducer and the reducer. where is the braking torque,̇is the wheel angular acceleration, is the wheel vertical load, and is the longitudinal tire force.
(6) Tire Model. The tire dynamics are usually modeled with the "Magic Formula" developed by Pacejka and Bakker [17, 18] . In this model, the tire force is described as the complex nonlinear function of the tire vertical load, slip rate, and slip angle. Considering tire longitudinal force, lateral force, and aligning torque the "magic formula" mathematical model is as follows:
where , , , , V , and ℎ are the stiffness, shape, peak, curvature, horizontal drift, and vertical drift factor, respectively. All of them are described as the function of the tire vertical load, tire slip rate, and tire slip angle. The tire model parameters used in this paper are shown in Table 2 .
(7) Brake Model. In pure electric vehicles, the brake comprises the regenerative braking and the mechanical braking, and the regenerative braking is controlled by the motor module. The following is mechanical brake model's equation:
where is the braking efficacy factor, is the crosssectional area of the brake cylinder, is the equivalent radius, and is the braking pressure. 
where is the steering angles of front wheels, sw is the transmission ratio from the steering wheel to the front wheels, WA is the steering wheel angle, max is the limit of the steering, angle is the time constant of the one order inertia link.
(9) Road Input Model. The road inputs at each wheel are independent. Without considering the random change of surface elevation, this paper used a vector containing three pavement characteristic parameters to represent the road condition:
where is the road adhesion coefficient and is the road gradient.
(10) Vehicle Body Model. Here the vehicle body model includes the longitudinal, lateral displacement and the yaw angle displacement: 
The driving control strategy and algorithm of the decision variables, that is, , , are key points of this paper, which will be discussed in detail in Section 3.
Overall Structure of the Dynamics Model.
The 8DOF vehicle dynamics model established in this paper included the longitudinal, lateral, and yaw displacements of the body, the rotational displacements of the four independent wheels, and the steering angle displacement of the front wheels, with the assumption that the two front wheels had the same steering angle and there was no rubbing effect in the differential mechanism. Using the dynamic models established above, the dynamics model of the vehicle with independently driven front and rear wheels was built as shown in Figure 3 . In Figure 3 , , are the slip rate and the side slip angle of the wheels, respectively.
Driving Control Strategy and Algorithm
Driving Control Strategies on Different Typical Surfaces.
This paper mainly studied the control strategies on driving condition, involving the two decision variables, namely, and . The strategies on different typical road surfaces were designed as follows.
(1) High Adhesion Road. When driving on high adhesion road, the road adhesion coefficient at each driving wheel is large enough, as the reverse torque the road can provide, namely, road , is greater than maximum driving torque max , that is, desire ≤ max ≤ road , where max = max + max . At the whole range of the accelerator pedal, the slip ratio keeps in stable slip zone, namely, below peak slip rate opt . There is no need to adjust the acceleration pedal angle signal, so that the pedal adjustment coefficient is constant 1, known as the "fixed pedal adjustment coefficient model. " In addition, the torque distribution coefficient is decided according to the static axle load distribution proportion, namely, = /( + ), which is called the "fixed proportion distribution model. "
Mathematical Problems in Engineering
The fixed pedal adjustment coefficient and fixed torque distribution coefficient are the initial values of the two decision variables at the same time, namely:
(2) Low Adhesion Uniform Road. When driving on low adhesion uniform road, the road adhesion coefficient at each driving wheel is close but not large enough, as the reverse torque the road can provide is smaller than the maximum driving torque, that is, road ≤ max . When the accelerator pedal is in elevation range, that is, road ≤ desire ≤ max , the road adhesion cannot meet the driver's torque request, so the slip rate of driving wheel will be in the unstable region, namely, opt ≤ ≤ 1. In this case, the pedal adjustment coefficient should be reduced to make the slip rated back to stable zone and close to opt with the purpose of making the road adhesion ability into full play and meeting the driver's torque request as far as possible. In addition, the "fixed proportion distribution model" is adopted as the road adhesion conditions at front and rear are similar.
(3) Bisectional Road. Bisectional road refers to such pavement whose adhesion conditions at left side and right side are different significantly. When driving on this surface, the wheel at low friction side will slip seriously, the slip rate at left and right side will differ a lot. The driving wheels at the left and right side generate driving forces with the same slip rate, and the adhesive ability of both sides is not fully utilized. The driving control strategy does not adopt differential locking control or braking torque control to avoid the yaw motion, and the strategy should make full use of the adhesive ability of the low friction side to guarantee the longitudinal dynamic or through performance. By reducing the pedal adjustment coefficient, make the wheel slip rate of the low friction side back to stable zone and close to opt , to meet the driver's torque request as far as possible with no yaw motion generated. As the road adhesion conditions at front and rear are similar, the "fixed proportion distribution model" is still adopted.
(4) Joint Road. Joint road refers to such road whose road adhesion performs a step change, for instance, when driving from the high adhesion road to the low adhesion road or vice versa. When driving on this surface, the wheel at low adhesion will slip seriously, and the slip rate at front and rear end will differ a lot. In this case, the interaxle torque distribution control should be activated. The driving torque proportion at the low adhesion should be reduced and the high adhesion should be enlarged, to make the slip rate at low adhesion lower and the high friction higher. When the slip rate difference between front and rear axles is reduced to a reasonable level, the strategy should judge whether the slip rates are within stable zone; if yes, the "fixed pedal adjustment coefficient model" will be adopted; if no, the pedal adjustment control will be activated, to make the average slip rate of the wheels back into stable zone and close to opt , in order to meet the driver's torque demand as far as possible. In summary, the driving strategies on different typical road surfaces were designed as shown in Table 3 .
The Typical Surfaces' Recognition Algorithm Based on Slip
Rate. The driving control system needs to judge the vehicle driving conditions real-timely according to the four wheels' slip rates, namely ( , , , ), to provide a basis for the selections of pedal adjustment control modes and the interaxle torque distribution control modes.
In order to facilitate the recognition, the mean of the slip rates was calculated as follows:
where front , rear , left , and right are the average slip rates of the two front wheels, the two rear wheels, the two left wheels, and the two right wheels, respectively, ave is the average slip rate of all driving wheels, and ℎ , ℎ are the maximum values of the front and rear average slip rates and the left and right average slip rates, respectively. Based on the slip rates and the mean variables given above, the recognition algorithms of the typical road surfaces were proposed as follows.
(1) Recognition Algorithm for High Adhesion Road. As long as the four driving wheel slip rates are all in the stable slip zone, the surface is judged to be high adhesion road:
where opt is usually among 10%-20%. Considering the tire model used in this paper, take opt = 10%.
(2) Recognition Algorithm for Low Adhesion Uniform Road. The condition of low adhesion and condition of uniform should be satisfied to identify this road. Driving on this road surface, the slip rates of all wheels are close and in unstable zone. The recognition algorithm can be expressed as ≥ opt ( = , , , ) condition of low adhesion,
condition of homogenous,
where ave is the limit of the homogenous condition, the uniform condition will be stricter when a smaller ave is chosen. As the acceleration of the vehicle and the ramp resistance transfer the axles load, there is inevitable difference between the front and rear slip rates. So ave should not be too small; otherwise, the condition of homogenous will be failure. 
where , are the slip rate limits for difference judgment of front and rear end and left and right side, respectively. The selection of should also take account of the inevitable difference between the front and rear slip rates caused by the axle load transferring. 
(5) Recognition Algorithm for Roads Back to High Adhesion.
Once the above recognition algorithms are satisfied, the pedal adjustment controller and the torque distribution controller will be activated into different mode. The switching conditions for the program to quit the present mode and back to the initial driving control mode as on the high adhesion road should be proposed. Obviously, the high adhesion road recognition algorithm adopted in (14) is no longer applicable; otherwise, when the vehicle drives on a constant bad surface, the driving control mode will switch frequently, causing the slip rates to change rapidly between the stable and unstable zones. Therefore, a "Road back to high adhesion recognition algorithm" was proposed as follows:
where is the upper limit of slip rates when judging the surface back to high adhesion; according to the tire parameters used in this paper, is taken as 5%. In summary, the recognition algorithms of typical road surfaces based on slip rates were proposed as shown in Table 4 .
Pedal Adjustment Control Algorithm.
The pedal adjustment control system was designed to control the slip rates of the seriously slipping wheels within the stable zone and close to opt , in order to meet the driver's torque request as well as possible.
The deviation variable was designed as
where ℎ is the slip rate of the seriously slipping wheel. On low adhesion uniform road, ℎ = ave and, on bisectional road, ℎ = max{ left , right }. In this paper, the PI control algorithm was adopted to the pedal adjustment control system, which would lead the deviation variable, that is, 1 approaching zero. The algorithm is as follows:
where 0 is the initial value of the pedal adjustment coefficient, namely, 0 = 1, , and are the constants of 8 Mathematical Problems in Engineering proportionality of the gain link and the integral link. To make the deviation variables approaching zero, the inequalities of > 0 and > 0 should be satisfied. In addition, should be restricted within [0, 1]. The pedal adjustment control system based on PI algorithm is shown in Figure 4 .
Interaxle Torque Distribution Control Algorithm.
When the vehicle is driving on the joint road or the axle load is heavily transferred, the interaxle torque distribution control system was designed to optimize the torque distribution between the axles, which would keep the slip rate difference between front and rear axle in the allowable range. According to the definition of slip rate, the algorithm could just minimize the speed difference of the axles.
where , are the speed of the front and rear axles, respectively. On the joint road, the vehicle can be simplified as a bicycle mode, as there is no difference between the speeds of the left and right wheels.
The sliding control mode has been applied to many vehicle control systems, such as the ABS control system [19] and the slip rate control system [20] . In this paper, the sliding control model was used in the interaxle torque distribution control system. Using integral switching function, the first order sliding mode plane and the reaching law were designed as
where denotes the approach speed and is the integral coefficient satisfying > 0.
According to the motion equation on driving condition, considering a bicycle model, the equations were deduced aṡ
where = = 2 are the moment of inertia of the front and rear wheels, respectively, = + , = + are the longitudinal and vertical force of the front wheels, respectively, and = + , = + are the longitudinal and vertical force of the front wheels, respectively.
Substituting (24) into (23)
According to the driver's driving intention
Substituting (26) into (25) and replacinġwitḣ= − sgn( ),
Considering the validity conditions of sliding control algorithm as follows:
where = 2 /2 and is a positive constant to guarantee the condition of > 0, the larger is, the faster the results will approach the sliding surface but the severer the vibration of the system will be as the approach speed ( ) gets greater.
Control Flow of the Driving Control
System. In accordance with the designed driving control strategies and the proposed recognition algorithms of typical surfaces, using the established pedal adjustment control system and the torque distribution control system above, the driving control flow for the longitudinal dynamics of the vehicle with independently driven front and rear wheels was designed as shown in Figure 5 .
The driving control flow shown in Figure 5 proceeds as follows: Firstly, the program analyses the driver's torque demand according to the signal of the acceleration pedal, then the present surface is recognized based on the algorithms shown in Table 4 , next, the driving control strategies is selected and activated according to Table 3 until the surface recovery to be in high adhesion condition, and the driving control strategies get back to the initial mode. Then, the program continues to judge the surface type and select the corresponding strategies constantly to guarantee the adaptability of the vehicle on various typical surfaces. 
Simulation Results and Analysis
The Typical Road Simulation Parameters.
The road adhesion conditions are represented by the peak adhesion coefficients at each wheel. Use to represent the peak adhesion coefficients at front and left wheel, front and right wheel, rear and left wheel and rear and right wheel, respectively. This paper set the surface parameters at each wheel of different typical surfaces as shown in Table 5 .
In Table 5 , the adhesion coefficients of high adhesion road, low adhesion and uniform surface, bisectional road are constant, and the coefficients of joint road represent the adhesive difference between the front and rear wheels when the vehicle is driving through an adhesion step change surface, and the actuation duration of the step adhesion parameter is associated with the wheelbase and the velocity of the vehicle. Figures  6 and 7 show the simulation results of two driving control strategies on high adhesion road, which are the torque average distribution model ( = 0.5) and the fixed proportion distribution according to the static axles load mode ( = /( + )), on the condition of the acceleration pedal signal being set as 0.5.
The Simulation Analysis for the Typical Roads
Straight Acceleration on High Adhesion Road.
The simulation results show that the fixed proportion torque distribution mode according to the static axles load can significantly reduce the slip rate difference of front and rear wheels with no reduction of the vehicle acceleration, which is beneficial to the equal life design of the tires as the wear rates of the front and rear wheels are similar. As the acceleration of the vehicle and the ramp resistance transfer the axles load, and the longitudinal force and the vertical force of the tire have nonlinear relationship, there is inevitable difference between the front and rear slip rates, which, however, would not influence the dynamics performance of the vehicle on high adhesion road. Figures 8 and 9 show the simulation results on low adhesion uniform road with and without the pedal adjustment PI control, respectively. The acceleration pedal signal was set as 0.5 and the "fixed proportion distribution model" was adopted.
Straight Acceleration on Low Adhesion Uniform Road.
The simulation results show that, without pedal adjustment control, the slip rates of the front and rear wheels were in unstable zone when the motor works in the high torque zone, as shown in Figure 8 (a), which might cause sideslip, drift, and other dangers as the lateral adhesion would be low in such situation. When the pedal adjustment control was adopted, the slip rates were kept in stable zone at the whole range of the motor speed zone, and when the motor torque was high, the slip rates were controlled close to opt as shown in Figure 9 (a). Comparing Figure 8 (b) with Figure 9 (b), when the motor worked at high torque zone, the vehicle had larger acceleration; namely, the power performance was improved when the pedal adjustment control was adopted. Figures 9(c) and 9(d) show the average slip rate of the four wheels and the pedal adjustment coefficient, respectively. When the motor worked in the high torque zone, was controlled close to 0.75. Then along with the motor speed rising, the maximum torque motor could provide declines, which reduced the desired driving torque as shown in (2) . When the desired driving torque was reduced to the reverse torque, the road surface could provide, the pedal adjustment coefficient began to rise till = 1 and kept constant afterward. Figures 10  and 11 show the simulation results on bisectional road (low adhesion on left side and high on the right) with and without the pedal adjustment PI control, respectively. The acceleration pedal signal was set as 0.5 and the "fixed proportion distribution model" was adopted.
Straight Acceleration on Bisectional Road.
The simulation results show that, without pedal adjustment control, the slip rates of the wheels at the low adhesion side were in unstable zone and the slip rates of the wheels at the high adhesion side were in stable zone when the motor worked in the high torque zone, as shown in Figure 10(a) . When the pedal adjustment control was adopted, the slip rates were regulated back to stable zone rapidly. And when the motor worked in the high torque zone, the slip rates of the low adhesion side are controlled close to opt as shown in Figure 11 Figure 11 (b), when the motor worked at high torque zone, as the adhesive ability of the low adhesion side was fully used, the vehicle had larger acceleration, which means the power performance was improved when the pedal adjustment control was adopted. Figure 11(c) shows the slip rates of the front and rear wheels on the low adhesion side, which were controlled close to opt with an inevitable deviation. Figure 11(d) shows the pedal adjustment coefficient during the simulation, which was similar to the simulation results shown in Figure 9(d) . Figures 12 and  13 show the simulation results on joint road (from high adhesion surface to low adhesion surface) with and without the torque distribution SMC control system, respectively. The acceleration pedal signal was set as 0.5. The simulation covers three kinds of surfaces in total, namely, high adhesion surface, joint road, and low adhesion surface. The torque distribution controller was activated when the vehicle was driving through the joint surface and the recognition algorithm of joint road was satisfied.
Straight Acceleration on Joint Road.
The simulation results in Figure 12 show that, without the torque distribution control, the front wheels get into the low adhesion surface at approximately 4.2 s. As the adhesion at front axle was low, the slip rates of the front wheels rise into the unstable zone rapidly, as shown in Figure 12 (a), which increased the slip rate difference between the front and rear instantly, as shown in Figure 12(b) . At the same time, the output torques of the motors reduced as the calculated torque demand decreased for the maximum torque the motor could provide at present speed being low, as shown in Figure 12(c) ; as a result, the acceleration of the vehicle reduced instantly as shown in Figure 12(d) . Subsequently, after about 4.6 s, the rear wheels get into the low adhesion surface, and the slip rates of the rear wheels and the speed of the rear motor became high, which lead to a further reduction of the calculated torque demand. In summary, when driving from high adhesion surface to low adhesion surface, the acceleration of the vehicle reduced rapidly, the power of the vehicle was not fully used, and as the slip rates rise into the unstable zone, the lateral adhesion of the vehicle was low, which might cause sideslip, drift, and other dangers.
The simulation results in Figure 13 show that once the recognition algorithm of adhesion surface was satisfied, the torque distribution SMC control system would be activated and the torque distribution coefficient reduced rapidly as shown in Figure 13 (e), which would fully inhibit the rising of the front wheels' slip rates. The slip rate difference between the front and rear wheels converged quickly to reasonable zone, as shown in Figure 13 (b). Figure 13(c) shows that when the vehicle was driving through the joint road, the torque output of the front motor fell down and the rear motor rose up, and the adhesion ability of the high adhesion was fully used. Comparing Figure 12 area increased dramatically and the dynamic performance of the vehicle was guaranteed. During the whole accelerating process, the slip rates were in stable zone, the recognition algorithm of low adhesion surface was not satisfied, so the pedal adjustment controller was not activated, and the pedal adjustment coefficient was constant 1. At about 7.3 s, when the slip rate difference between the front and rear wheels reached 0, the SMC control system reached the sliding surface and remained stable, and the torque distribution coefficient went back to the initial value according to the axle load proportion as shown in Figure 13(e) , and then the control system had small, high frequency oscillation, which is the inherent characteristics of sliding control systems. In summary, when the vehicle was driving from the high adhesion surface to the low, with the torque distribution control, the dynamic performance of the vehicle was fully guaranteed and the slip rates were controlled within stable zone so that the vehicle had enough lateral adhesion.
Conclusions
(1) For a front and rear axle independently driven system, an 8DOF dynamics model of the vehicle system was established, which serves as the testing platform of the driving control strategies.
(2) The driving control strategies for different typical surfaces were studied, and the recognition algorithms for the typical surfaces based on the slip rates were proposed. Two control systems including the pedal adjustment control system based on PI algorithm and the torque distribution control system based on SMC algorithm were designed. The driving control flow of the electric vehicle with independently driven front and rear wheels was developed.
(3) Several simulation experiments were carried out, we compared the simulation results of the slip rates, the accelerations and so forth, under different driving control strategies, which confirmed the rationality of the strategies on different typical surfaces. The pedal adjustment control system could effectively prevent the slipping of the driving wheel, and the interaxle torque distribution system could reduce the slip difference between the front and rear wheels. As a result, the dynamic performance and safety of the vehicle were ensured. 
